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1Abstract
In this work, the extensional moduli of PET at
0°, 450 and 90° to the transversely symmetric axis were
neasured. Density and optical birefringence measurements were
also made to characterize the specimens.
From density measurement, crystallinity was found
to depend linearly on draw ratio in the low draw ratio range
and exponentially in the high range. This indicates that
crystallintiy depends heavily on large draw ratios.
Both birefringence and modulus in the 00 direction
were found to depend heavily on draw ratio. However, a weak
dependence on draw ratio were found in both cases of 45° and
90° directions.
The aggregate model was tried to analyze both the
optical and mechanical modulus, E. When the moduli were plotted
against draw ratio, E0 falls nearly half-way between the limits
of theoretical Reuss and Voigt's averages, while with E15 and
E90 results are closer to the Reuss average in the high draw
ratio range.
Better agreement between theoretical Reuss average
and experimental results, for both optical and mechanical
measurements, can be achieved by using the modified affine
2transformation in which draw ratio is modified by a
logarithmic function. Except for the 45° case, theory and
experiment agree very well. It implie,3 that the orientation.
effect is much more pronoun than as predicted by the
aggregate model, especially in the high draw ratio-range
which is consistent with the result of density measurement.
The discrepancy in the case of 45° can be resolved to some
extent if the theoretical Reuss average is replaced by the
average value of theoretical Reuss and Voigt's averages.
It is concluded that the orientation plays an
important role-in the optical and mechanical properties of
PET even in the low temperature range.
3Charter I
Introduction
1. Physical S ructure of Polymers
A polymer may be defined as a chemical compound whose
molecules are made up of repeating units called the 'monomer'. A
single molecule may contain thousands of monomers. The formula of
the polymer may be written as (M)n where M is the notation for
monomer, and n is called the degree of polymerization.
The rhysical structure of polymers can be divided into two
separate aspects. One is called rotation isomerism and the other
concerns with the orientation and crystallinity of the molecules
of the uolvmer.
1-1 Rotational Isomerism
This is the physical conformation of the arrangement of the
single molecular chain in space without taking into account its
neigrbours. Two types of rotational isomerism, namely 'trans' and
'gauche' isomerism (Fig.l-1), have been identified by using
spectroscopic, techniques. It has been found that passing from one
rotational isomerism form to another requires supply of energy to
overcome an energy barrier.
1-2 Orientation and Crystallinity
Orientation and crystallinity are the other two important
aspect of the arrangement of molecular chains with respect to










Fig. I-1 The trans conformation( a) and the gauche
conformation( b) of PET.
5high polymers, especially in mechanical and in thermaL propertiies.
Many polymers when cooled from the molten state form a disordered
structure, termed the 'amorphous' state. Molecules in amorphous
polymers are tangled together in a random manner. If amorphous
polymers are drawn, the molecules may be preferentially aligned along
the draw direction such structure is called 'oriented amorphous',
but not crystalline. However, if apart from molecular orientation,
small regions of three dimensional order are also established by
the stretching process, then it is said to be 'oriented crystallized',
Another possibility is that many polymer can crystallize if they
are cooled slowly from the melt. In this case, they are said to be
crystalline but unoriented.
- An important problem in polymer physics is to determine the
crystallinity and orientation of a given sample. The most commonly
used methods include density measurement, optical birefringence,
infrared absorption, X-ray diffraction and nuclear magnetic resonance.
In the present thesis, aside from mechanical measurements, the first
two of the above measurements have been made, and consquently, more
detailed (iscussions will be given below.
1-2-1 Density measurement
A well ordered crystalline polymer has a greater
density, d, since the molecules of such polymer are much
more closely packed than that of the disordered one. If da
is the density of the pure amorphous polymer and dc that
of the pure crystalline one, then the degree of crystallinity
6,x,may be calculatied by
( I-1.a)
It says that the density of the polymer is the weighted
average due to crystalline and amorphous regions. For
convenience, equation (I-1.) may be re-arranged to give
For polyethylene terephthalate( PET), it was found that
The crystallinity
of a given sample can therefore be determined by measuring
its density
1-2-2 Optical birefringence
The optical properties of any material can oe
described by three refractivrj indices nl, n2 and n3, whici
are measured with the polarization along the x, y and z
directions, a set of principal axes. The birefringence
is defined as:
For an optically isotropic medium,
But in the case of uniaxial symmetry, e. g. when an isotropic
polymer is oriented by drawing, the refractive index,
parallel to the syinetry axis is no longer equal to the
refractive index,
perpendicular to that axis. Hence,
In this case,
(I-2')
72. Dynamic Mechanical Behaviour of Polymers
2-1 The Glassy State and the Glass Transition
At sufficient low temperatures, amorphous polymers have
the properties of glasses, including hardness, stiffness and
brittleness.* This property results in a low volume coefficient
of expansion, which in turn will cause a change of slope on a
plot of volume versus temperature. The temperature at which the
change of slope takes place is called the glass transition
temperature, Tg( Fig. 1-2). It is the major transition of





Fig. 1-2 The glass transition of polymers
2-2 Hooke's Law
The mechanical deformation, the strain u, of a solid
material under the action of a stress, a, may be well described,
for small strain, by Hooke' s law
8or equivalently,
(I-3)
C is called the Young's modulus, or in a more general term,
the stiffness constant, and
S the compliance of the substance.
If a sinusoidal stress is used, the strain will lag
behind with a phase difference 5 and the modulus will be complex.
Let
and
we have, by Hooke's law,
i.e,
is the maximum modulus.where
(I-4)and
The real and imaginary, part of the modulus characterize
the main mechanical features of the solid. E' is called the
storage modulus because it defines the energy stored in the
specimen due to the applied stress. The imaginary part E defines
the dissipation of energy and is called the loss modulus,
3. The General Features of Polyethylene Terephthalate
Polyethlene terephthalate( PET) is one of the high
molecular weight polymers with molecular formula
It is a polyester known commercially as Terylene, Dacron, Mylar
or Melinex and melts at about 263°C. The glass transition
temperature for the amorphous material is 67 °C while that for
crystalline PET is around 80 °C. The molecular chain has a
conformation of helix type. The monomer is triclinic in shape
with dimensions(2): a» 4-56 X, b= 594 X, c= 10.75
the angles between axes are OC= 98-5° 6= 118°and V= 112°•
Both dielectric and mechanical behaviours of PET have been
investigated rather extensively in a large temperature range from
4.2 °K to 500 °K. It was generally found that there are two
main absorption peaks for both dielectric and mechanical measurements.
The one at higher temperature is traditionally named as OC- peak
while that at low temperature is labelled f$. From dielectric
measurement, the OC- peak is believed to be the absorption due
to the micro-Brownian motion of the main chain. While the J3- peak
has been attributed to local viscoelastic re-orientation of the
permanent dipole of the main chains in the vicinities of their
equilibrium. The mechanical measurements show that the OC- peak
is a function of crystallinity both in position and shape. It is
believed that the OC- peak is also due to the micro-Brownian
9
10
motion in the amorphous phase of the polymer. mmne origin of tine
mechanical peak is still uncertain though it has been often
associated with hindered motions of methylene units and/or
carboxyl units in irregular chain-folds in the amorphous phase.
The present thesis deals mainly with the dynamic viscoelastic





1. Mechanical Relaxations of 1L
1-1 The Transitions of PET
By a transition, it means that there is a change of physical
properties of the material. For instance, in the case of elastic
modulus, a peak will be observed in the imaginary part or a change
of slope in the real part when plotted against temperature. The
mechanicaI behaviour of poll!mers is complicated and difficult
to predict, sometimes even difficult to interpret, due to their
complicated structures..In the case of PET, a large number of
investigations have been made to find out its behaviour and
structure. The following give a brief review of the most important
and relevant investigations.
Early in 1956, A.B. Thompson and D.W. Wools(4) studied1-2
the effect of crystallinity and orientation on the transitions
of PET filaments in the temperature range between -80 °C and
180°C and from 10-3 Hz to 104 Hz. Two absorption peaks were
observed for amorphous PET, one at the higher temperature of
about 80 °C named the a -peak and one at a lower temperature,
below. 20 °C, termed the -peak.
The a -relaxation depends heavily on crystallinity and
orientation. In fact, as these quantities were increased, the
activation energy, H, fell from 182 K Cal/mole to 97K Cal/mole
and the transition temperature rose from 80 °C to 125 °Ct
accompanied by a decrease in loss-peak, an increase in modulus
value, and a spread in transition range. Besides, the process
became more frequency dependent.
Changes in crystallinity and orientation had little effect
o
on 13-process. The transition temperature remained at' about -40 C
with There was also no change in the heighl
of the 13-peak. Three different molecular interpretations of
these process were proposed:
a The x -process may be due to the mobility in the
main chain while the 13-process may be due to the mobility of
chain end groups.
v The rotations in the stiff aromatic part may give
rise to the oc -relaxation, while the rotations in the less
rigid aliphatic part may play an important role in the
f3 process.
c The p-pnenylene link may be rigid, so that all transitions
occur in the aliphatic part of the chain. Consquently, the
13 transition might indicate the onset of partial rotation
and the OC-transition the onset of fuller rotation.
1-3 Measurements on PET specimens in the temperature range
between 300 °K to 42 °K were made by C.D. Armeniades and E.Baer(5)
In addition to the amorphous V-peak at 210 °K ( corresponding
to the f3-peak as termed by others ), two more relaxations were
C c
found. The one at 46 K was termed as O -peak which occurs in
13
uniaxially oriented specimen. 'rne otner one at zo x was caiiea
E peak, and it became more pronounced with increasing
crystallinity of the sample. Both have common activation energies
equal, to 4K Cal/mole. Both relaxations were not found in the
amorphous specimens. The authors suggested that they mi€ht be
related, to defects in superamolecular structure of the polymer.
The }'-relaxation was found to drop considerably in
intensity for sample with well developed crystalline structure
obtained by annealing the samples at hight temperature. Hence,
the loss was attributed to motions in non-crystalline chain
segments. It was also found that uniaxial orientation broadened
the V-peak and shifted it to a higher relaxation temperature.
These results are consistent with those of the others(4,7,10).
All the above three relaxations showed pronounce directional
anisotropy which may be due to the preferred orientation of the
noncrystallite chain segments in the case of Y-relaxation and
the orientation of defective structures in the instance of S
and c relaxations.
The extent and direction of orientation of both crystalline1-4
and amorphous regions of PET films have been studied by
C.J. Heffelfinger and P.G. Schmidt (6)
For uniaxially stretched samples, the gauche isomer was
found to transform to trans isomer during the stretching process.
14
When stretching was increased, both the alignment of c-axis to
the draw direction and that of the (1,0,0) planes to film
surface were improved. On the other hand, infrared measurements
showed that the amorphous PET had approximately 13% of trans
structure, which can be increased by heat-set under tension.
.During two-way atretching process, some chain disentangle-
. ments were found to o--..cur. In fact, only about one-third of the
trans crystalline isomer changed during the crystallization of
the two-way stretched films.
In the case of post-stretching, the amount of trans
crystalline structure remained unchange but with the amorphous
structure increased. This process results in high modulus values
2. Mechanical Anisotropy of PEJ
Anisotropy plays an important role in the mecnanlcai2-1
properties of polymers. Previous investigations in this field
led to the idea that the greater stiffness of polyester fiber is
due to the greater degree of mechanical anisotropy rather than
to the greater stiffness of the isotropic polymer. The molecular
orientation seems to be the important facts for the room
temperature elastic anisotropy(7). In fact, based on these ideas,
models and theories have been proposed to interpret satisfactorily
the experimental results(9,17,20,22).
G. Raurnann(8) measured the five elastic constant for2-2
transversely symmetric PET in different orientation states. He
found that low orientation could be obtained when the stretching
15
rate was small enough, even if the draw ratio is large.
Experimental results also showed that E90 and E45 had little
dependence on orientation while Eo increased about five times
when orientation was increased. (The suffices 0, 45 and 90 refer
to' the angle in degree between the oreintation of the s ampl e
and the direction of measurement, similar conventions will be
used for other quantities). Classical elastic theory seems to
be applicable to this anisotropic phenomenon.
G.H. Davis and I.M. Ward(1l) measured the mechanical2-3
anisotropy of PET in the temperature range from -110 °C to 160°C.
In addition to the general features of OC and f' process as
found by others, there was found pronounced mechanical anisotropy
of OC-relaxation with S o X s s while little mechanical
45 90
anisotropy for/ --pea at 600Hz to 700Hz was observed. On the
other hand, the reverse was found to be true for dielectric
anisotropy. Both annealed and. unannealed PET rod showed similar
results, and hence the annealing would not be a main factor in
the anisotropy. -The oc -process was attributed to interll aanell ar
shear as well as the nature of coupling between the crystalline
and noncrystalline regions. Little mechanical but pronounced
dielectric anisotropy suggest that all or some of the components
of the 13-process occurs at least in part of the crystalline
phase.
16
P.R.Pinnock and 1.M. ward. made a cael ailed analysis or2-4
the anisotropic data on PET at room temperature by making use
of the well known aggregate model (9). They observed that
torsional modulus fell very slightly while the extensional
modulus increased sigmoidally as a function of draw ratios.
The authors tried to match the theoretical values, which are
based on the aggregate model of pseudo-affine deformation,
with experimental data by assuming a logarithmic relation
between the experimental draw ratio and the theoretical draw
ratio( which will be discussed in detail in Chapter V). This
modification led to good agreement between theoretical and
experimental results.
Hadley et al (10) found that the aggregate model applied2-5
only to some polymers such as PET in which orientation seems
to play an important role in the determination of mechanical
anisotropy. For many other polymers, e. g. low density poly-
ethylene, polypropylene etc., aggregate model fails to work.
This implies that factors other than orientation would be
important to their mechanical behaviour.
3. Optical Anisotropy of PEST
Refractive indices at different directions to the draw
direction were measured by Ward et al (9,10). They found that
the birefringence increased linearly with the increase. in the
refractive index parrallel to the fiber axis and with the
decrease in the refractive index perpendicular to the fiber
17
axis. As in tne case or mecnanicai anisotiropy, Tine auTinors
tried to match the theoretical values with. experimental
polarizabilities by relating the experimental draw ratio and
theoretical draw ratio through *a logarithmic function. This
modification led to a reasonable agreement between the theoretical
and experimental results for both the parallel and perpendicular
polarizabilities. In the case of cold-drawn PET, an exact fit
was obtained between the prediction of the pseudo-affine
deformation and the experimental data.
4. Infrared Technique in Investigatior. of PET Structure
4-1 By using infrared technique, J.L. Koenig and. M.J M.J. nannonkle)
drew the following conclusions:
a/ Melt and solution crystallized PET have high degree
of folding,
b/ Strain-induced crystallization produces no regular
folding but heat setting does.
c/ Deformation of crystalline samples containing folding
disrupts the regular fold, but the fold re-perfects itself
upon subsequent annealing.
d/ In glassy state sample, after being annealed for
long periods of time at a relatively high temperature, high
degree of foldings are obtained.
4-2 Base on the theory used by the above authors, J. P. Bell at al
(13,14) attributed Oa -dispersion to chain motions in amorphous
18
region and -process to the motions of short chain segments
in the irregular folds. In fact, the following experimental
phenonmena were observed:
a/ The OC, -process shifted to higher temperature
with increasing draw ratio. This may be due to increased
restriction on chain motions.in the amorphous region.
b/ No irregular folding was detected in quenched
unannealed amorphous PET nor was the P.,-dispersion.
a/ Low temperature annealing or crystallization
produced a large /3 -peak. The peak disappeared when the
sample was either anneal--l--d at high temperature or highly
stretched, but appeared again under relaxed annealing. The
authors concluded that the /3 -dispersion could be associated
with increase in crystallinity but rather with irregular
folds. Since both large draw ratio stretching and high
temperature annealing result in full regularization of
chain foldings, the peak disappears. But, relaxed annealing
may allow part of the chains to crystallize into fold-chain
structure and hence the peak re-appears.
d/ Neither regular folds nor irregular folds were
found in highly oriented films, but regular fold was found
in low draw ratios sample. The authors concluded that the




1. The Generalized Hooke' s Law
The nechanicai behaviour of viscoelastic materials can be described
by the Generalized Hooke' s Law, which assumes a linear relationship
between the tensor components of the stress a and strain u:
or equivalentl,r,
( III-1)
are called, respectively,andThe fourth rank. tensor€
the stiffness constants and compliances, with i,j, k and 1 taking value
1,2 or 3 to represent coordinate axes x,y,z respectively.
The first subscript of the stress components refers to the direction
of the normal to the plane on which the stress acts and the second
subscript to the direction of the stress. In the case of strain tensor,
where ui is the strain along xi axis. Consquently, u, uyy, uzz are
the fractional expansion or contraction along the x,y, z directions
respectively, and uXy, uuZ, uzX are the components of shear strain in
the xy, yz, zx planes respectively.
In order to simplify the nomenclature, engineering strains, eij,
are defined such that
and
According to this definition, equation( 111-1) can be written in a
much simplier form:
and ( TTT-9
with p and q taking values of 1,2, ,6 which are obtained in terms
of i,j, k by substituting 1 for 11, 2 for 22, 3 for 33, 4 for 23, 5 for 13
and 6 for 12. In the case of stiffness constants,
( ITI—
But with compliance constants, some rather complicated rules have to be
followed due to the factor 2 in the definition of engineering strain.
when both p and q are 1,2 or 3
when either p or q are 45 or 6 j
when both p and q are 45 or 6. ( TTT-d
or
or
In the case of uniaxial symmetric fiber, the number of independent elastic
constants may be reduced to five only. With z-axis as the direction of
symmetry, the matrix of compliance was found to be :
I III-5 )
Now consider a long strip cut from a film, possessing transversal
symmetry, in a direction making an angle with the symmetric axis.i.e..
z-axis ( Fig. III-l ).
The compliance constants in the coordinate system may be transformed







Fig. (III-1) A long strip cut off from a uniaxial symmetric film at
an angle with the cymmetric axis.
where api is the cosine of the angle between the pth axis in the second
system and the ith axis in the first, and similarly for the other a 's.








Thus, the macroscopic elastic constants at these particular directions may
be expressed in terms of the compliance constants Sij. If, in addition
to these extensh nal modulus, the shear modulus, G, as well as the Poison
ratio, U12, are known, all the compliance constants can be determined
definitely.
2. The Aggregate Model
Two models have been most frequently used in interpretating the
mechanical anisotropy of polymers, namely, the aggregate model and the
Takayanagi model. The first one arose from the observation that orientation
rather than other factors, such as crystallinity, plays the important role
in the anisotropy of PET in the glassy state. The second one was proposed
by M. Takayanagi et al (17) in the interpretation of mechanical anisotropy
of a-process of highly oriented linear polyethylene. Both models do not
deal with the detailed molecular structure of polymers but rather treat
it in a simplified manner.
The aggregate model assumes that the solid is composed of an
aggregate of transversely isotropic units whose optical and mechanical
properties are unaffected by the orientation process. During the drawing
23
process, the axis of these rods rotate towards the draw direction in
the same way as lines joining pairs of points behave in a macroscopic
body during uniaxial deformation at constant volume. This assumes that
the units rotate like needles in Plasticine and the process has been
termed as pseudo-affine. To make interpretation possible, the elastic
constants s ij of these microscopic rods must be transformed into the
measurable elastic constants Sij in the laboratory frame.
Suppose that the axis z of the rod makes an angle with the




compliance of the individual rod. This set of moduli is obtained by
assuming uniform stress and is termed a3 Reuss average. On the other hand,
if uniform strain is assumed, another set of moduli in terms of stiffness
constants c ij i3 obtained, and is called Voigt's average*(15):
and
(*) See Appendix A
24
where
The compliances and stiffness constants can be determined
experimentally, while the orientation functions C2 and C4 may be
determined by the effine transformation which will be discussed in
Section 4 of this Chapter.
As the elastic moduli are complex, it is reasonable to assume
that the stiffness and compliance constants are also complex.
Consquently, equation (III-9) becomes
where the "prime" represents the real part and "double primes" the
imainarypart.
Now
In reality, tan and hence,
A little arithmetics gives
25
where constants u', u, w'. w, v' and v" are defined in the same










where u', u" etc, are the stiffness constants corresponding to the
compliance constants u', u" etc. The values of the coefficients of
these constants at different draw ratios are given in Appendix C.
3. The Takayanagi Composite Model
This model arose from the observation that, in the high tem-
perature process of annealed high density polyethylene, the component
of dynamic modulus in a direction parallel to the draw direction is
smaller than the perpendicular one, i.e. EO E90. This peculiar
phenomenon can be satisfactorily explained by assuming that the
crystalline phase, C, and the amorphous phase, A, in the polymer are
combined in a composite manner. This model has been successfully
applied for polypropylene, polytetrahydrofuran, polyethylene oxide
and po l yo ymethyl ene, etc.
3-1 AC series combination
In this case, the stress is applied parallel to the chain axis
of the crystalline phase in a AC connection, as shown in Fig. (III-2a).
Such a combination will give rise to modulus as shown in Fig. (III-2b).
In the high frequency region, the viscoelastic behaviour of the AC series
avatem is larzely influenced by the properties of the A-region.
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3-2 AC parallel combination
Witn stress app.ilea perpenaicular to the chain axis, both A
and C region have the same strain but suffer different streas This
combination gives rise to modulus as shown in Fig.(III-3).
In this case, the location of the a -dispersion for the combina-
tion on the temperature axis does not shift with the degree of
crystallinity of the combination, but with the intensity of each
dispersion. That is, the amount of shifting is proportional to the
volume fraction of the corresponding region.
In real situation, A and C combine neither in pure parallel
connection nor in pure series connection, but rather in a composite
way between these two. It is the degree of mixing up of parallel and
series combinations that determines the actual difference between the
values of the moduli. The cross-over of Eo and E90 near the temperature
of primary dispersion is shown in Fig. (III-4).
4. The Affine Transformation
As have been mentioned before, this treatment is to evacuate
the orientation functions for the partially oriented aggregate by
assuming' affine' deformation, as defined by Kuhn and Grun(15, 21). By
'affine' it means that the volume remains unchanged during drawing
process. Through this restriction, the orientation functions C2 and C4



















Fig.(III-2) (a) The stress F is applied in series with the connection
















Fig. (III-3) (a) Stress is applied perpendicular to the connection








t( a r( a )
Fig.(III-4) Cross-over of the moduli and
29
where
For large draw ratios, i.e. small K. these can be simplified to:
and
Values of C, and C, for different values of K have been evaluated
and are listed in Appendix C
50
Chapter IV
Experimental Methods and Results
1. Sample Preparation
The polymer materials used throughout the experiment are
as received. films supplied by I.C.I. Fibers Ltd., and have been
uniaxially oriented by drawing to different draw ratios. Samples
with draw ratios 2.0 2.7 3.4 4.3 and 4.9 are provided in the
form of thin films, while those with draw ratios 1.0;4.0; 5.0
and 6.0 are in the form of tapes. Specimens about 0.5 cm wide
and 6 cm long were cut from the films at 0°, 45°, and 90° to
the draw direction, and from the tapes at 0° to the draw direction,
Draw direction
Samples at 90° and 45 were cut from the thin film
31
2. Density Measurements
Flotation method was used to measure the density of samples of
different draw ratios. Different proportion of carbon tetrachloride
liquid of density 1.595 gm/c.c. and- n-hexane liquid of density 0.6603
gm/c.c. were mixed together in such a way that the sample neither
floated nor sank in the mixture. The resulting density of the mixture
was determined by a' single-beam specific gravity balance' which has
an accuracy of 10g. Results are listed in Table( IV-.1).
6,01.0 2.0 2.7 4.0 5.04.9Draw ratio 4.S3.4
1.4051.343 1.347 1.354 1.362 1.370 1.378 1.395Density, gm/cc




The optical birefringences of the films were measured through a
Leitz polarizing microscope and a tilting compensator. Measurements
were carried out undar a polarized green light of wavelength 5460
With the polarizer and analyser of the microscope crossed, the
sample was introduced and rotated in such a way until it shows a
maximum intensity in the viewing field which would be at a position 45 0
between the two extinctions. The compensating band, which must be
determined in white light beforehand, was found by tilting the compensator
until the dark fringe is observed. The degree of compensation can be
directly read out from the compensator. For accuracy, the measurements
were repeated ten times by changing incident position of the green
v:,+ nr +ho AAmrl P__ results are summarized in Table( IV-2):
32
2.0Draw ratio 1.0 2.7 4.0 6.03.4 4.3 4.9 5.0
15.93 18.68 19.42 21.1Birefringence 0.0 21.50 22.8424.43 11.46
( 10-2x )
Table IV-2
4. Experimental Method of Mechanical Measurements
4-1 Working Principle of the Apparatus
A viscoelastic spectrometer made by Iwamoto Seisakasho Ltd. was
ised' throughout the whole experiment. It consists of four main parts,
lamely, force detector, length detector, displacement detector and
hiving unit. The working principle of the machine-may be summarized in
bhe diagram shown in Fig.( IV-1).
The static force( Fs) and dynamic force( F) produced by
the driving unit are transmitted through the sample to the force detector,
Phese forces cause static displacement( ls) and dynamic displacement
( l) of the sample respectively. But there is a phase difference
between force and displacement. The signals, from the displacement
detector and the force detector, are fad into carrier amplifiers and
then into flip-flop circuits. Rectangular pulses, representing dynamic
force and dynamic strain, emerging from these two circuits are brought
together for comparision and a phase difference is shown on the phase




















Transformation of dynamic dis-Transformation of the dynamic
placement sine wave intoforce sine wave into rectangular
rectangular pulses by flip-floppulses by flip--flop circuit
circuit generatorgenerator
Comparision of rectangular pulses
Phase
metier





Fig. (IV-2) :Determination of phase difference by comparing stress
and strain xiulses.
4-2 Temperature Control and Determination
A low temperature vessel was designed and added to the apparatus,
in order to do low temperature work. The temperature was controlled
by pumping liquid nitrogen, at an adjustable rate, into a thermally
insulate vessel fitted over the sample. To determine the temperature
of the specimen, thermocouples of copper-constantan were fitted to
both ends of the specimen. The average of the values recorded by these
two couples was taken to be the average emoerature of the sample.
4-3 Operation of the Apparatus
In order to prevent slacking, an initial static strain ( ls ),
usually within 5%, was set up by applying a static force(Fs) to
the sample with one of its ends fixed. With this strain as the
oscillating center, an oscillating force( F) of such magnitude
was applied that the dynamic strain ( 1) would be always less
than ls so that no slacking could ever occur. This is illustrated
35






The complex modulus may be expressed by:
Since F, 1, 1, A and S are measurable in this apparatus, the
modulus can be easily calculated.
5. Results of Mechanical Measurements
Dynamic mechanical relaxation moduli of PET films were measured
for three different directions, i.e. 0°, 45°, and 90 0 to the drawing
axis at various temperatures between 20°C to -160°C and at two
different frequencies of 10Hz and 100Hz. Tor 00case, measurements
were carried out on samples with draw ratios 1.0 2.0 2.7 3.4 4.0
4.3 4.9 5.0 and 6.0, while for 45° and 90° cases, only those with
draw ratios 2.0 2.7 3.4 4.3 and 4.9 were measured. Raw data are
attached in Appendix D. Tables( IV-3) to( IV-5) are the d at a
required for analysis in Chapter V. tan max is the peak value of
36
tan when plotted against temperature, and Tl( (max) is the
temperature at which the peak occurs. In the same way, on a plot
of E" versus temperature,the peak value E"max at temperature T2( E"max),
can be found. The values of the real part of the modulus, E', at the
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As mentioned earlier, the density measurements can be
converted by equation (i-l), to give a nomial crystallinity. A
plot of crystallinity versus draw ratio for our series of samples
shows an exponential dependence of crystallinity on draw ratio f
( see Fig.V-1 ). This implies that drawing causes the polymer to
crystallize, if it is assumed that the densities of the individual


















1.0 2.0 3.0 4.0 5.0 6.0 7.0
Draw Ratio, X
FigoV-1 Crystallinity versus draw ratio
2, Optical Birefringence
If An is the value corresponding to perfect orientation,in sue
it can be shown by the aggregate model that
where f, called the orientation function, is
Here Q is the angle between the axis of the unit and the draw direction.
Since the various microscopic units will have different values of 0 ,
2
cos 0 should be interpreted as an average , i.e. in equation (II1—9):
In Fig,Y-2, An and f are plotted versus draw ratio. In
computing f, An is extrapolated to infinite draw ratio p to give
To see how drawing affects the angle 0 of the microscopic units,
V
a useful model is the pseudo-affine transformation (25,26) which gives
C2, and hence f, as a function of A( see Appendix B ), The theoretical
value of f obtained in this way is also plotted in Fig.V-2. It is
evident that the affine transformation disagrees with the experimental
data. Qualitatively, the affine transformation underestimates the
orientation for large draw ratio and overestimates it for
small Such a disagreement was also found by Ward (9)
To resolve the difference, Ward suggested a modified affine
transformation. For each draw ratio, which we shall call the
































Fig. V-2 Birefringence and orientation function versus draw ratio
Experimental data
Theoretical points obtained through the affine transformation
calculated according to:
02
Note two features of this equation : (a), when is 1.0, is
also 1.0 , (b). for large The parameter A is found
by trial and error to get the best fit.
Now C9, and thus f, is calculated by the affine transformation
using Clearly, by property (b) above, this modified affine
transformation will give a larger orientation at larger draw ratios.
In 7ig.V-3 , the experimental f and £n are plotted versus draw
ratio, together with the theoretical curve calculated by this modified
«
affine transformation. A value of A=3.0 was used. It is evident that
the agreement is good.
The modified affine transformation is used here not simply to
fit the data, but also provides a means of calculating
for each draw ratio. This will be important in analyzing mechanical data.
3 Mechanical Anisotropy
The loss peak tan8 decreases linearly with increasing draw ratio
in the 0° case, but increases in the case of 90° case. For 45° specimen,
the loss peak values show a bending, ( Fig.Y-4 ). This implies that the
absorption is increased for 90° d decreased for 0° case but with 45
case occupies the intermediate position. This is expected, for the
alignment of rods along the drawing axis is increased by increasing
draw ratio.
log scale


















Pig. V-3 and f versus draw ratio,
experimental result












1.0 2.0 3.0 4.0 5.0 6.0 7.0
Draw ratio,
Fig. V-4 Loss peak versus draw ratio,
0°
45° 90°
In the case of mechanical modulus, the aggregate model will be
used to analyse the experimental data. Both Reuss and Voigt averages
have been attempted. Two different methods in fitting the experimental
data to the theoretical values may be made. The first one is to fit
the experimental values 1 directly1 to the pseudo-affine transformation
and see whether it falls between the Reuss and Voigts limits. The
second method attempts to fit the data to the Reuss average alone,
by using the modified affine transformation, as in optical birefringence,
through introducing the draw ratio, In equations (III—11) to (III-16),
there are three unknowns, u, v, w. Since extensional modulus has been
measured at three different directions, we can determine the unknowns
by using the experimental data. Two of them can be determined by the
o
fact that when perfect alignment is obtained, i.e., 0 = 0 or equivently,
This may be obtained by plotting
E and E_~ against
o 90
and extrapolated to the limiting value at
as shown in Fig.V~5 and Fig.V- 6
There remains a constant (2v) to be determined. This
may be found by two different constraints : through substituting the
experimental data on either into tha relevanl
equations and solving for it. It is found that both the real and
imaginary parts, for both 10Hz and 100Hz, show similar features by
either method of manipulation. Consquently, in what follows, we deal
essentially with the real part at 100Hz only, other results will be
presented in the from of tables. The data in Table V-l are obtained






























n 0.2 0.4 0.6 0.8 1.0
































In the above table, E (1) is the extensional modulus of the 0
o
case at and with similar conventions for others. At.
there is no need to distinguish between and which is why these
data points are specially useful.
5-1 Direct Pitting of Aggregate Model
In the direct fitting method, part of the results will be presented
by graphs as shown in Fig.V-7 to Fig.V-9, and others will be tabulated
in Table V-2. -Analysis on both real and imaginary part of E at the
absorption peak temperatures have been made All different cases give
similar features as shown by the graphs.
In the case of Eq, experimental results lie well between the two
averaging bounds, as has been found by others (10,21), especially at
higher draw ratios where it falls nearly to the mean of these two
limits( Fig.V-7).
49
However , for Eon, Fig.V-8 shows that there is a crossover
of theoretical curves for Eeuss and Voigt's average. This may be due
to the constraint of using E, co ) in obtaining the constant (2v) and
45
in fact it can be resolved by using the other constraint, Eq(1) insteac
of E.C oo ). The result has been shown in Fig.V-S' Both constraint
45
conditions lead to the result that the experimental curve lies well
out of the two bounds, but fits better with Reuss average in the higher
draw ratio range.
c
Fig.V~9 shows the curves for the 45 case. Experimental data
does not fall mid-way between the two bounding curves, but still show
a tendency to favour the Reuss average in the large draw ratio range.
Consquently, it may be concluded that fitting the experimental
data to the average values of Reuss and Voigt limits work better for
the 0° case, especially for large draw ratios, but in the cases of 45°












1 2 3 4 5 6 7 8 9 10
Draw ratio,
Fig. V-7 E versus
o
with constraint
R— Reuss average , V— Voigt's average
KV —Mean value of Reuss and Voigt's average






































Fig. V-9 versus with constraint
Heal part : 10Hz
10 —2
( Modli are in unit of 10 dvne cm )















































Imaginary part : ( Moduli are in unit of 10 dyne cm )















































( To be continued '
Table V-2(b} :(continued)















































V2. Modified Affine Transformatioi
In order to achieve better agreement between the experimental
results and theoretical prediction for the extensional modulus at 0°
and the torsional modulus, Ward (9) introduced modification of draw
ratio The relationship between the theoretical draw ratio and the
experimental draw ratio is again assumed to be
where A is found to be nearly 4.8.
It is observed that the modification for E and E~~ gives
o 90
reasonable agreements between theory and experiment by using
o
Reuss average, but the trend of the 45 data is not explained,
as shown in Fig.V-10 and Fig.V-11 in the cases of 10Hz and 100Hz
for both the real and imaginary part respectively. We emphasize that
the dependence of with draw ratio is rather wealc ( a 25% change
so that the disagreement between
theory and experiment is not as severe as it may seem. The other
results are given in Table V- 5 to Table V— 5 • This problem
can be resolved to a certain degree by modifying the draw ratio
with respect to the average values of Reuss and Voigt averages. In
fact, two different constraints have been attempted,
Essentially, both give similar features, as shown in Fig. V-12 end
Fig. V-13 However, under the second constraint, better agreement
is obtained only by using another value for A which was found to
be 2.5, see Fig, V-12 . The different value in A may be due to the
fact that the average value of Reuss and Voigt averages is used in the
45° case while Reuss average is used in the 0° and 90° cases,
Log scale











Fig. V-10(a) E' versus modified draw ratio
Solid lines are theoretical prediction and
o
is the experimental data for 0 case,
Log scale
Fig. V-10(b) and versus modified draw ratio
Solid lines are theoretical results and
□ and a sore experimental data for 45° and 9° respectively.
59
Log scale














9 8 4 8 6 7 8 9 10
Fif% V-ll(a) E versus modified draw ratio
Theoretical prediction
o
Experimental data for 0 case
Log scale













Pig. V-ll(b) and versus modified draw ratio
Theoretical prediction
and are experimental data for 45° and 90° respectively,
Log scale
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Fig, V-12 Experimental E compared with the average values
of Reuss and Voigt averages at modified draw ratios under
the constraints as indicated.
Experimental values with A=4.8
Corresponding values with A=2.5
Lo£ scale






constraint: E ( co )AO
constraint: Ef(1)r
i ? 4 h 6 7 8 9
( A=4.8 )
Fig. V-13 Experimental E compared with the average values
of Reuss and Voigt averages at modified draw ratios under
the constraints as indicated.




( Moduli are in unit of 10 dyne cm )






2.2C 3.9 5.99 10.2' 18.80 31.6( 34.79
2.25 1.79 1.6 1.5] 1.4' 1 .41 1.4C




( Moduli are in unit of 10 dyne cm )





2.40 3.2£ 4.25 6.41 12.3' 23.51 26.61
2.4C 2.18 2.0€ 2.02 1.98 1.96 l.?c
2.40 2.42 2.29 2.06 1.79 1.6: 1.58
Table V-
9
Average values of Reuss and Voigt's averages of E
9 —2
( in unit of 10 dyne cm ]




2.40 9.4; 9.00 1 . 3Q 0.82 0.49
















The aggregate model in terms of the modified affine transformation
has been shown to predict satisfactorily both the optical birefringence
and the mechanical modulus of PET when the applied stress is at 0° or
90° to the drawing direction, but has failed in the case of 45°.
PET shows pronounce mechanical anisotropy. As the draw ratio
is increased, the extensional modulus increases to about ten times of
the undrawn value, but it shows small decrease in the cases of both
45° and 90° Consquently, as has been mentioned before, the disagreement
between the theoretical prediction and the experimental data in the 45°
case is not so drastic as it seems to be One factor which has not
been taken into account in the theory is the change in crystallinity
with draw ratio, and this raay possibly account for some of the above
discrepancy.
Modification of draw ratio simply means that the orientation
effect is much more effective than that is predicted by the model.
This strongly indicates that orientation plays an important role in both
the mechanical and optical behaviour of PET.
1Appendix A
A-1. Transformation of Compliance Constants
Let S' be the laboratory frame, which has z' as the transversely
symmetric axis and S be the microscopic frame of the transversely
isotropic rod, with z as the symmetric axis which makes an angle o
with z'-axis.
Since z-axis does not necessary lies in the x'z'-plane, we
have to perform a rotation of x' y' -plane through an angle about
the z' -axis such that the z-axis lies in the zx-plane of the new
frame S( Fig..-1).








2Three points should be noted:
l/. x-axis lies in the x"zz'-plane,
2/ y-axis lies in the x' x"y' -plane, and
3/ x, x' x"-axes do not lie on the same plane.
We are now ready to transform physical quantities in the S frame
into the laboratory frame S', in terms of an intermediate frame S"
The transformation matrices of these operations can be found from
figures (A-2) and (A-3)
Fi.A-3Fig.A-2
From Fio. (A-2). it cane readily observed that
hence,
3While in Fig. A-3, we may get,
which gives
From these transformation matrices, elastic constants of the
rods can be transformed into those in the laboratory frame S' i n the
following manner.
( A-1)
where S' are compliance constants in laboratory frame ana tnose in






4where equation (111-4) has been used





5Extensional Compliance ( i.e. at 90° to the draw direction)
Since is given by the following:
Since is arbitrary, the average of odd power of sin and
cos over a complete cycle gives zero values, i.e.,
6On the. other hand,
Hence, after averaging with respect to ,
(Aa-5)
The problem becomes the determination of
and





From equations (A-5) to (A-9) we obtain,
.(A-10)
c/ Comtnliance
By eauation (111-8), we observe that
Hence, the problem here is to find S'13 and S'44 By following
similar procedures as above, the following results are obtained:
8Hence,
A-2 Transformation of stirrness constants
The transformaion can be carried out in the same manner as in
the case of compliance constant, but attension should be paid to the
following points.
The matrix of stiffness constant now becomes:
for all values of p and q , and
9The results found are given below:
and
Consquently, the elastic constants are given by:
where
10
Appendix B The Affine Transformatior
Let the microscopic rod of length 1 be inclined at an angle
to the symmetric axis z. Now suppose, after stretching, the length of
rod changes to 1' and to'. By the asumption of affine deformation,
the volume will remain unchanged hence
B-1






or, in another way,
11
Which will result in
where (B-5)
what we want is the average value of this function. If the original





































































































































































































Appendix D Mechanical experimental data
Sample Direction : q°
D_R Temp. ( )
25 1 -A -JA -15 -2,








































































































D.R. Temp. ( °C )


































































































Appendix D : Mechanical experimental data
Sample Direction : qc











































































































































































































Appendix D : Mechanical eirnp.-Hmp-n1
hamnl P. TH rprl.-i nn • r®
n P











































































































































































































Appendix D : Mechanical exnfiHmpntAl ApAa
Sample Direction : o°


















































































































































































































Appendix D: Mechanical experimental data
Sample Direction: o° and 85°
D.R.
6.0
Temr. I °C} 20 - 2 -1 1 _ 1 Q -21

































































































































































































-appendix u : r-iecnanicai experimental data
bample Direction : 45u
D.R.
2.7















































































































































































































































Appendix D : Mechanical exncr-imnt.1 Ha-Ka
OdiriDl e FH rprt.i on • ), rc
D.R,
4.3















































































































































































































































Appendix D : Mechanical experimental data
Sample Direction : 90°

































































































































































































































Appendix D : Mechanical experimental data
Sample Direction : 90


































































































































































































































Appendix D: Mechanical experimental data
Sample Direction: 90°
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